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Yeasts have proven to be invaluable, genetically tractable systems to study various fundamental biological processes including programmed
cell death. Recent advances in the elucidation of the molecular pathways underlying apoptotic cell death in yeasts have revealed remarkable
similarities to mammalian apoptosis at cellular, organelle and macromolecular levels, thus making a strong case for the relevance of yeast models
of regulated cell death. Programmed cell death has been reported in fission yeast Schizosaccharomyces pombe, primarily in the contexts of
perturbed intracellular lipid metabolism, defective DNA replication, improper mitotic entry, chronological and replicative aging. Here we review
the current understanding of the programmed cell death in fission yeast, paying particular attention to lipid-induced cell death. We discuss our
recent findings that fission yeast exhibits plasticity of apoptotic and non-apoptotic modes of cell death in response to different lipid stimuli and
growth conditions, and that mitochondria, reactive oxygen species and novel cell death mediators including metacaspase Pca1, SpRad9 and Pck1
are involved in the lipotoxic cell death. We also present perspectives on how various aspects of the cell and molecular biology of this organism can
be explored to shed light on the governing principles underlying lipid-mediated signaling and cell demise.
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cycle checkpoint1. Introduction
Programmed cell death (PCD) has been extensively studied
over the past decades due to its fundamental importance in the
development of multicellular organisms as well as human
diseases. Studies conducted for the most part in Caenorhabditis
elegans (C. elegans),Drosophila, and mammals have unraveled
the immense diversity of signaling pathways and the enormous
multiplicity of machineries leading to cell death (reviewed in
[1–5]). Like many other biological questions, the overwhelm-
ing complexity of metazoan invokes comparative studies in
simpler systems such as yeasts.
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eukaryotes over the last decade probably signals the beginning⁎ Corresponding author. School of Biotechnology and Biomolecular Sciences,
University of New South Wales, Sydney, 2052 New South Wales, Australia.
Tel.: +61 2 93858133; fax: +61 2 93851483.
E-mail address: h.rob.yang@unsw.edu.au (H. Yang).
0167-4889/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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physiologically relevant and confer selective advantage to uni-
cellular organisms (reviewed in [6–9]). To date, PCD in bud-
ding yeast Saccharomyces cerevisiae has been described in
diverse physiological settings, for instance: heterologous gene
expression, deleterious mutations and unfavorable growth cir-
cumstances [6–9]. Similarly, cases of PCD have also been repor-
ted in fission yeast Schizosaccharomyces pombe (S. pombe),
mainly in the contexts of perturbed intracellular lipid homeostasis
[10], defective DNA replication and improper mitotic entry [11],
chronological and replicative aging [12,13].
At the outset, we embrace the prevailing definition of PCD as
any cell death resulted from the activation of genetically encoded
machinery, and hence can be modulated or halted by the inter-
vention of particular cellular process(es) [14]. There are several
forms of PCD, of which apoptosis is historically best charac-
terized [3–5]. Other distinct modes of PCD have also been
demonstrated, such as autophagic cell death [3–5]. A cautionary
note is expedient to clarify that, as suggested by the Nomenclature
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strictly be used to describe cell death that fulfills certain morphol-
ogical criteria, including rounding-up of the cell, retraction of
pseudopodes, cellular volume reduction, pyknosis (a degenera-
tive condition of the nucleus marked by shrinkage and chromatin
condensation) and karyorhexis (nuclear fragmentation), minimal
changes in cytoplasmic organelles, plasma membrane blebbing
andmaintenance of plasmamembrane integrity until late stages of
the process [14]. Being first illustrated in dying animal cells,
which are established prototypes of apoptosis, some of these
pathognomonic characteristics are also found in S. cerevisiae,
S. pombe, and other yeasts [6,15,16]. Terms like ‘apoptosis in
yeast’ signifying a promising area of research thus began to thrive
in the literature. Nevertheless, the concerns of skeptics onwhether
the apoptosis-like cell death in yeasts can be legitimately called
‘apoptosis’ arise due to evident reasons: despite the remarkable
resemblance, the apoptosis-like death processes in these uni-
cellular fungi with rigid cell walls may not fully recapitulate
apoptosis in animal cells and a general consensus has yet to be
reached on whether they are indeed the cognate counterparts of
apoptosis in primitive forms. However, while one should en-
deavour to avoid conceptual generality, it is probably premature to
introduce new definitions or taxonomic terms to the field at this
early stage.
Progressing from morphological descriptions, the extent to
which the mechanisms underpinning apoptotic cell death in
yeasts parallel or deviate from the mammalian counterpart is of
pivotal interest. Apart from the cellular level, yeast PCD also
bears a prominent mechanistic reminiscence ofmammalian PCD
at the organelle and macromolecular levels [6,17]. Mitochondria
and reactive oxygen species (ROS) have been shown to play key
roles in many instances of yeast PCD (reviewed in [17–19]). In
addition, metazoan apoptosis is typically characterized by
caspase cascades, though technically speaking caspase activa-
tion is diagnostic of apoptosis rather than an obligatory criterion
[14]. Metacaspase Yca1p/Mca1p in S. cerevisiae was shown to
undergo caspase-like proteolytic processing and mediate PCD
under a wide range of conditions [20]. A number of other
endogenous cell death regulators with orthologues in mammals
have also been identified, such as apoptosis-inducing factor
(AIF) homologue Aif1p [21] and endonuclease G homologue
Nuc1p [22]. These preliminary findings have made a strong case
for the relevance of yeast models of PCD.
Here we review the current understanding of the PCD in
fission yeast with special emphasis on the mechanisms of lipid-
induced cell death. We discuss our recent findings and present
novel perspectives on how various aspects of the cell and
molecular biology of this organism can be explored to shed light
on the governing principles underlying lipid-mediated signaling
and cell demise.
2. Existence of primordial death pathways?
2.1. Heterologous expression of metazoan pro-apoptotic genes
Early clues of the existence of PCD in fission yeast came from
heterologous gene expression studies where metazoan pro-apoptotic molecules were found to promote cell death in a
manner highly analogous to metazoan apoptosis (reviewed in
[23,24]). Like the case in budding yeast, the genetic tractability
of fission yeast constitutes a convenient system to delineate the
mechanisms by which Bcl-2 family members regulate cell death.
Independent reports concurrently demonstrated that over-
production of Bax and Bak leads to cell death of S. pombe that
is accompanied by hallmarks of apoptosis such as multifocal
chromatin condensation and fragmentation, blebbing and
dissolution of the nuclear envelope [25–27]. Bax-/Bak-over-
expressing cells also display massive cytoplasmic vacuolization,
a feature of autophagic cell death [25,26,28,29]. While readily
distinguishing this form of cell death from classical mammalian
apoptosis, the mixture of apoptotic and autophagic signs may
also argue against an exclusive, clearcut occurrence of distinct
cell death sub-routines according to the currently understood
taxonomy, as also suggested by a case in Drosophila [30].
Plasma membrane invaginations but not blebbing were detected
[26]. The cytotoxic effects together with the ultrastructural
changes can be specifically suppressed by Bcl-XL and partially
by Bcl-2. Domain specificities and structure-and-function
relationship in the interaction between pro-apoptotic Bax/Bak
and anti-apoptotic Bcl-XL/Bcl-2 in mammalian cells are also
retained in S. pombe [25–27].
In spite of the striking conservation at the level of Bcl-2
family protein interactions, Bax-induced cell death in S. pombe
is not coupled to caspase-like proteolytic activities and cannot
be inhibited by baculoviral caspase inhibitor p35, suggesting
that caspases are not the downstream effectors [26]. Further
biochemical analyses also showed that Bak triggers large-scale
cleavage of genomic DNA [26] and G1 cell cycle arrest [27] and
that the physical interaction between S. pombe calnexin and
Bak is mandatory for Bak-induced lethality [27].
Moreover, ectopic expression of pro-apoptotic C. elegans
gene ced-4 in S. pombe provokes focal chromatin condensation
and rapid loss of viability [31]. CED-4 was immunolocalized to
condensed chromatin. Co-expression of ced-9 abrogates CED-
4-induced chromatin condensation and lethality, possibly by
relocalizing CED-4 to the endoplasmic reticulum and outer
mitochondrial membrane via physical interaction (compare
accounts in C. elegans [32]). Over-expression of caspases 1 and
3 also causes growth impairment in S. pombe that can be
inhibited by p35 [33].
2.2. Functional screens for cell death modifiers or structural
mutants
The fact that some functions of the metazoan apoptotic
machineries can be translated into S. pombe has laid the basis
for its utility as a host to screen for cell death modifiers [23,24].
High-mobility group box-1 (HMGB1) protein was isolated
from a mouse cDNA library as a novel inhibitor of Bak-induced
cell death in S. pombe. In S. pombe, HMGB1 antagonizes the
action of Bak through downstream molecular events rather than
through direct binding and neutralizing effect, a mechanism that
offers insight into the regulation of apoptosis in human
malignancies [34]. Likewise, a collection of structural mutants
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phenotype in order to identify structural elements. For example,
a set of X chromosome-linked inhibitor of apoptosis protein
(XIAP) mutants were screened for reverted caspase 3 toxicity in
S. pombe, thereby mapping the essential domain for the physical
interaction between the two molecules [35].
3. Putative endogenous cell death mediators
The above results are indicative of a primordial origin of
suicidal cell death in unicellular eukaryotes. However, the main
hurdle toward the notion of PCD in fission yeast is the lack of
evidence for a conserved internal cell death apparatus. Whether
S. pombe is purely a naïve system for heterologous gene
expression as previously suggested [24] is arguable: it possesses
the innate ability (or endogenous machinery, such as calnexin
[27]) to evoke cell death in response to foreign death-promoting
proteins. To this end, we discuss the putative cell death
mediators in S. pombe, the roles of which in PCD can be further
investigated.
3.1. Metacaspase Pca1
Metacaspases are distant relatives of caspases found in plants,
fungi and protists [36]. In S. cerevisiae, metacaspase Yca1p has
been proposed to act as a bona fide caspase, the deletion of
which improves survival under a vast array of death stimuli, for
instance: hydrogen peroxide, acetic acid, chronological aging
[20,37], hyperosmostic shock [38], viral killer toxins [39,40],
valproic acid [41], mutations leading to defective mRNA
decapping [42], initiation of DNA replication [43], protein
deubiquitination [44], and ectopic expression of α-synuclein
[45]. Yca1p undergoes proteolytic processing that is dependent
on its active cysteine residue [20], similar to metacaspases from
Arabidopsis thaliana [46] and the protist Leishmania major
[47]. On the other hand, the initiator caspase-like (aspartate-
directed) and trypsin-like (lysine/arginine-directed) substrate
specificities and in vivo activity detection methodology are
controversial [20,46,48,49].
The exact mechanism by which Yca1p mediates PCD
remains obscure, and so is its in vivo substrate(s). Under most
circumstances where yca1 disruption confers resistance against
cell death, the concomitant morphological and biochemical
changes such as chromatin condensation, DNA fragmentation,
phosphatidylserine externalization, alterations in mitochon-
drion-linked activities and ROS production are also attenuated,
thus placing the action of Yca1p upstream of these cellular
events [20,42]. In apoptosis triggered by hydrogen peroxide,
yca1Δ displays enhanced hydrogen peroxide-dependent sup-
pression of protein ubiquitination, accumulation of intracellular
oxidized proteins and up-regulation of 20s proteasomal
activities, hinting to its potential role in the surveillance of the
oxidative damage of proteins during apoptosis [50].
The genome of S. pombe also encodes a metacaspase, which
we named Pca1 (pombe caspase 1) [10]. Pca1 is predicted to be
46.6 kDawith 425 amino acids and contains a conserved cysteine
270-histidine 271 catalytic diad in its putative caspase domain.When expressed under the control of nmt1 promoter, full length
Pca1 matching the predicted size was detected, together with
intermediate truncated bands and a ~10 kDaC-terminal fragment
corresponding to the small subunit of classical caspases (Low
et al., submitted manuscript). The C-terminal fragment dis-
appeared upon the specific mutation of cysteine residue 270
to alanine, suggesting that Pca1 undergoes autocatalytic
cleavage. The recombinant protein of the C-terminal small
subunit is extremely unstable, but conversely the same was not
observed for the N-terminal proline-rich segment corresponding
to a caspase prodomain (our unpublished observation). At
endogenous levels, Pca1 primarily exists in processed/truncated
forms (our unpublished observation). Recently, a report revealed
that pca1+ over-expression is associated with increased caspase
3-like peptide cleavage activity, suggesting that Pca1 may
possess intrinsic cysteine protease activity [51].
The high degree of sequence similarity and resemblance of
biochemical behavior in Pca1, Yca1p and other metacaspases
allude to their conserved roles in the PCD of lower eukaryotes.
Indeed, heterologous over-expression of one of the Trypanosoma
brucei metacaspase genes TbMCA4 in budding yeast provokes
loss of viability that is preceded by mitochondrial dysfunction
[52]. Over-expressed Arabidopsis metacaspase AtMCP1b or
AtMCP2b intensifies hydrogen peroxide- and age-stimulated
apoptosis in budding yeast [46]. The only metacaspase gene in
L. major, LmjMCA, can functionally complement yca1 deletion
in budding yeast in hydrogen peroxide-induced PCD [47].
Additionally, the cross-kingdom and phylum conservation of the
roles of metacaspases in PCD is further suggested by recent
reports in unicellular parasites L. donovani [53], Plasmodium
falciparum [54] and plant Arabidopsis thaliana [55].
Nonetheless, pca1+ over-expression per se does not lead to
an apparent cell death phenotype either in budding yeast [52] or
fission yeast (our unpublished results). It is even reported that
over-expression of pca1+ under the control of the endogenous
promoter from a single-copy plasmid renders a better growth
under cadmium toxicity [51]. This would appear incongruent
with our preliminary data where strains over-expressing pca1+
from an nmt1 promoter-based multicopy plasmid failed to
exhibit a reproducible phenotype under oxidative stress and
chronological aging (our unpublished results). More detailed
work is required as it is likely that under these experimental
settings, the physiological effect of pca1+ over-expression is
subtle, one plausible explanation being the antagonistic action
of endogenous neutralizing molecules as suggested in a pre-
vious work [52]. Besides, contrary to the case in S. cerevisiae,
we also did not observe a significant effect of pca1 deletion
under hydrogen peroxide, acetic acid and chronological aging
(our unpublished results). In many in vitro models of
mammalian cells, genetic down-regulation or pharmacological
inhibition of caspases results in an incomplete execution of
apoptotic programs, which switches the mode of cell death from
apoptosis to alterative modes such as necrosis [56], autophagy
[57] or senescence [58] without attenuating the magnitude of
cell death. It is unclear if relevant cell death mechanisms exist in
S. pombe. However, under the above stress conditions, we did
not observed apparent differences in the stress-induced DNA
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transferase-mediated dUTP nick-end labeling (TUNEL)) and
morphology in the pca1 null mutant, which may preclude
the possibility of alternative pathway induction (our unpub-
lished observation). In some genetic backgrounds, the pca1 null
mutant is even weaker when compared to the isogenic (of
defined genotypes, used in targeted gene disruptions), parental
(of defined genotypes, used in genetic crossings) or randomly
selected crossed (of scrambled genetic backgrounds, generated
from genetic crossings) wild-type strains (our unpublished
results).
The discrepancy seen between S. cerevisiae and S. pombe
is actually not surprising since from phylogenetic analyses
these two organisms are highly divergent from each other [59].
In the mould Aspergillus fumigatus, double deletion of the
two metacaspase genes CasA and CasB not only fails to
confer higher viability under the aforementioned stress condi-
tions, but in contrast compromises growth under endoplasmic
reticulum stress [60]. The physiological function of the unique
paracaspase in Dictyostelium discoideum is unclear, the gene
being dispensable for the developmental cell death and overall
growth of this organism [61]. Triple knockdown of metacas-
pases 2/3 and 5 by RNAi in the bloodstream form of T. brucei
leads to cell cycle arrest at the pre-cytokinesis stage [62]. The
effect of deletion of these metacaspases by homologous
recombination is, however, elusive as alternative biochemical
pathways may compensate for the progressive genetic loss.
This indicates that the physiological function(s) of metacas-
pases may not necessarily be directly assessable by standard
genetic approaches. Likewise, it was demonstrated recently
that the metacaspase in L. major is an essential gene with
important role in the cell cycle progression that is independent
of PCD [63]. The fact that metacaspase-related sequences can
also be found in prokaryotic genomes of some proteobacteria
is again in strong support of a fundamental physiological role
of metacaspases [52]. pca1+ is moderately up-regulated at the
transcript level under oxidative, heavy metal toxicity, heat,
hyperosmotic and DNA-damaging stress conditions [51,64]
(also compare [55]), thus hinting at its role in stress adaptation
(pro-survival) and/or stress-induced PCD (pro-death).
Taken together, the above observations would make sense if
considered in the light of gene function dualism. Numerous cell
death players characterized to-date possess both vital and lethal
functions, the most pronounced example being cytochrome c
(reviewed in [65]). In mammals, caspases have established roles
in inflammatory cytokine maturation [66]. Mitochondrion-
resident flavoprotein AIF carries out crucial redox-related
activities independent of the already known pro-apoptotic
activity via two separate oxidoreductase and DNA-binding
modular domains, respectively [67,68]. Mammalian endonu-
clease G and the S. cerevisiae orthologue Nuc1p functioning in
mitochondrial DNA recombination under normal conditions
translocate into the nucleus to mediate DNA fragmentation under
apoptotic conditions [22]. Human and budding yeast mitochon-
drial fission proteins Drp1 and Dnm1p, respectively essential for
the dynamic mitochondrial fission-fusion process and main-
tenance of normal tubular morphology in healthy cells have beenshown to mediate mitochondrial fragmentation and degradation
in the apoptosis of the respective organisms [69]. Fis1p is another
non-redundant mitochondrial fission protein in budding yeast
that inhibits Dnm1p-mediated apoptosis in a mechanism
analogous to that of Bcl-xL [69]. These intriguing examples of
gene products with dualistic opposing functions suggest
evolutionary sophistication of gene functions. Whether Pca1
and other metacaspases belong to this category of proteins awaits
further testing. Despite our limited understanding of Pca1, we
managed to discover its context-specific involvement in the lipid-
induced cell death of S. pombe (discussed in Section 4).
3.2. Bcl-2 homologue SpRad9
Like p53, Rad9 participates in a broad range of cellular
processes pertaining to the maintenance of genome integrity
(reviewed in [70]). In both human and yeasts, Rad9 is a
component of the Rad9–Hus1–Rad1 or 9–1–1 complex, a
PCNA-like sliding clamp and performs discrete, apparently
separable functions including but not restricted to sensing DNA
damage or stalled replication, cell cycle checkpoint initiation,
lesion repair, telomere binding and chromosome stabilization
and gene transactivation [70]. In S. pombe, mutations in sprad9
lead to inability to undergo cell cycle arrest in G2 phase and
compromised viability in the presence of DNA-damaging
agents such as UV, gamma-radiation or methyl methanesulfo-
nate (MMS) [71]. Studies with hRAD9-siRNA knockdown
human cells or homozygous mrad9 knockout mouse embryonic
stem cells also lead to the same conclusion that Rad9 plays a
fundamental role in genotoxic resistance [70].
Apart from the caretaker role, the role of Rad9 as an apoptosis
inducer has also been highlighted. Each hRad9 and SpRad9
contains a single Bcl-2 homology domain 3 (BH3), and hence
belongs to theBH3-only category of theBcl-2 family, togetherwith
pro-apoptotic proteins such as Bad, Bid and Bim. Wang et al.
showed that hRad9 induces apoptosis through the physical inter-
action of its BH3 domainwith Bcl-2 [72]. Antisense knockdown of
hRad9 attenuates MMS-stimulated apoptosis [72]. Caspase 3-
mediated cleavage of hRad9 during apoptosis disrupts the hete-
rotrimeric checkpoint complex 9–1–1 while releasing the N-
terminal BH3 domain which subsequently translocates from the
nucleus to the cytoplasmwhere it binds and antagonizes Bcl-2 [73].
Given the bipolar attributes, Rad9-based regulatory hub may be
strategically positioned at the crux where cells arbitrate between
survival and death in response to differential degrees of apoptotic
stimuli. The drive toward one fate versus another is likely to be
accomplished via concerted modulation of its phosphorylation
status and binding affinities (hence interaction pattern) by protein
kinase c-Abl [74], protein kinase C (PKC)-δ [75], and Atm-
regulated replication factor Frag1 [76].
The observation that heterologously overproduced SpRad9
can induce apoptosis in human cells in similar mechanisms to
hRad9 suggests that the emergence of cell-killing gene function
took place as early as in fission yeast [71]. In S. cerevisiae,
deletion of rad9 from the conditional replication initiation
mutant orc1–4 synergistically augments the chromosome
instability associated with the orc1–4 mutation but abrogates
1339C.P. Low, H. Yang / Biochimica et Biophysica Acta 1783 (2008) 1335–1349the G2 arrest and suppresses cell death [77]. This indicates that
in S. cerevisiae, Rad9p mounts a checkpoint response to block
cell cycle progression for lesion repair while eliciting cell death
when the damage is irremediable. It is not sure if a parallel
scenario in which SpRad9 links cell cycle events to PCD exists
in S. pombe. Transcriptional up-regulation of sprad9+ that is
dependent on stress-activated transcription factor Pap1 is,
however, correlated with improved viability under nitrosative
and nitrogen starvation stress conditions in S. pombe [78].
Nevertheless, in a candidate gene screening for the genetic
components of lipid-induced cell death in fission yeast, we
identified the pro-death role of sprad9+ the deletion of which
delays the onset of cell death under a specific condition
(discussed in Section 4).
3.3. Inhibitor of apoptosis (IAP) protein
Both budding and fission yeasts have a single IAP-like
protein which contains baculoviral IAP-repeat (BIR) domain
and is implicated in the chromosome segregation and cell cycle
control [79]. Recently, it was shown that IAP in budding yeast
Bir1p protects against hydrogen peroxide and age-induced
apoptosis [80]. Both in vivo and in vitro, Bir1p appears to be a
substrate for Nma111p, a conserved pro-apoptotic serine
protease of the Omi/HtrA2 family [81] and the protective effect
of BIR1 over-expression can be antagonized by NMA111 co-
expression [80]. Presumably, Bir1p performs a housekeeping
function in the cell cycle while at the same time actively
suppressing cell death under regular physiological conditions.
During the induction of cell death, it is destroyed at a certain
point to ensure efficient, irreversible progression of cell death, a
mechanism similarly observed in the cleavage of Bcl-2 by
caspase 3 during apoptosis [82]. The putative pro-death role of
Bir1 in fission yeast remains to be ascertained.
4. Distinct forms of lipotoxic cell death in S. pombe
4.1. Apoptosis of a triacylglycerol (TAG)-deficient mutant
We demonstrated the first instance of endogenously trig-
gered apoptosis in S. pombe as a result of a genetic block in
TAG synthesis [10]. In S. pombe, the esterification of
diacylglycerol (DAG) is the final and only committed step in
TAG synthesis and is mediated by two enzymes Plh1 and Dga1
[10]. Plh1 is a homologue of mammalian lecithin cholesterol
acyltransferase (LCAT) which catalyzes the transfer of an acyl
chain from phospholipids to DAG. Dga1 is a DAG acyltrans-
ferase (DGAT) which esterifies DAG with acyl CoA as the acyl
donor. Simultaneous deletion of the corresponding genes plh1+
and dga1+ produces a double mutant/knockout strain (referred
to as DKO hereafter) with extremely low levels of cellular TAG
and markedly elevated levels of DAG. In rich medium, DKO
cells display normal viability at log phase as determined by
colony-forming efficiency, but rapidly lose viability upon entry
into stationary phase [10].
We observed progressive pyknosis and karyorhexis in DKO
cells as they enter stationary phase (Low et al., submittedmanuscript). Unlike other higher eukaryotes, S. pombe under-
goes a ‘closed mitosis’ in which the nuclear envelope remains
intact throughout nuclear division [83]. At log phase, the
nuclear morphology of DKO appears normal and indistinguish-
able from that of the wild-type. However, as cells exit log phase
growth, chromatin condensation takes place in the vast majority
of the population, many of which also exhibit a fragmented
nuclear envelope. Pyknosis and karyorhexis advance with time
as cells enter stationary phase. The onset of apoptosis upon
stationary phase entry is a stochastic process: individual cells in
the population display differential degrees of nuclear alterations
which collectively represents a continuum between typical
normal morphology at log phase and apoptotic morphology at
stationary phase, reflecting a random distribution at various
stages of the cell death process [14].
DKO cells at stationary phase are also characterized by DNA
fragmentation and phosphatidylserine externalization as deter-
mined by in situ cytological staining procedures TUNEL and
Annexin V labeling, respectively [10]. All the above observa-
tions imply the operation of an apoptosis-like cell death
programme in S. pombe as a result of the perturbation of lipid
metabolism.
4.2. Lipotoxicity—concepts and models
Intracellular lipid pools are dynamic as cells often respond to
ligands or environmental cues by inducing acute or long-term
changes in lipid metabolism both for energy turnover as well as
signal transduction. The acute effects can be exemplified by the
hydrolysis of membrane glycerolipids to DAG by phospholipase
C activated by engaged surface mitogen receptors [84]. In re-
sponse to cytokines, Fas ligand, 1α, 25-dihydroxyvitamin D3,
chemotherapeutics, heat stress and radiation, intracellular levels
of ceramide rise efficiently by the action of sphingomyelinase or
de novo synthetic enzyme serine-palmitoyltransferase [84,85]. In
addition, metabolic hormones insulin and leptin exert profound
effects on lipid metabolism on a long-term basis [86,87]. Many
lipid species involved such as DAG and ceramide are potent
signalingmolecules withwidespread implications in cell survival,
proliferation, differentiation, inflammation, and apoptosis
(reviewed in [88,89]).
The generation and removal of these lipid second messen-
gers are therefore subject to stringent spatio-temporal regula-
tion, the failure of which can lead to pathological conditions.
Lipotoxicity or lipoapoptosis is postulated as a metabolic cause
of PCD and organ dysfunction in non-insulin-dependent or
Type II diabetes mellitus, cardiomyopathy and other clinical
complications of obesity [90]. In this theory, a chronic surplus
energy intake will eventually exceed the TAG-storage capacity
of the adipose tissue and cause a spillover of excess lipids to
other tissues. In non-adipose tissues which are not specialized to
stockpile TAG effectively, lipid accumulation in the form of
palmitate consequently initiates abnormal buildup of toxic lipid
molecules, most notably ceramide and DAG, which are causally
related to excessive apoptosis [90,91].
No single unanimous model is available to describe the
intricate signaling processes underlying lipoapoptosis. First of
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the superfluous palmitate and the causative roles of secondary
lipid species are equivocal [91]. For example, in pancreatic islet
cells and numerous other cell types, superfluous palmitate is
predominantly channeled into the de novo synthesis of
ceramide, which consequentially induces apoptosis [92–95].
However, under other physiological settings, an uncharacterized
ceramide-independent pathway operates in conjunction with
[96–98] or substitutes [99–102] the ceramide-dependent path-
way since palmitate-stimulated apoptosis is only partially
suppressed [96–98], or not significantly influenced by the
inhibition of ceramide synthesis [99–101] or the surge of
intracellular ceramide occurs as a late event in lipoapoptosis
[102]. Further to these, pathways largely independent of
ceramide but linked to the diminution of cardiolipin have also
been reported [103,104]. On the other hand, upstream DAG
accumulation is described in numerous cases and shown to be
the causal event in the lipoapoptosis of vascular smooth muscle
cells [105–107].
Changes in cellular lipid profiles subsequently interact with
signaling components such as PKC, mitogen-activated protein
kinase (MAPK), cJun N-terminal kinase, phosphatidylinositol 3-
kinase as well as core apoptotic machineries such as mitochon-
dria, caspases and Bcl-2 family [90–108]. The heterogeneity of
molecular events acting downstream of lipids poses an additional
level of complexity. To elaborate, in pancreatic islet cells of leptin-
deficient Zucker Diabetic Fatty (ZDF) rats overloaded with
palmitate, elevated ceramide activates NF-κBwhich successively
up-regulates inducible nitric oxide synthase (iNOS), leading to
the production of nitric oxide and apoptosis [90]. However,
lipoapoptotic pathway in other cell types may not involve iNOS
[109,110]. Also, ROS generation is proven critical in the
lipoapoptosis of Chinese hamster ovary cells but is not required
in others [98,104,111]. While these cell type-specific responses
can to a large extent be attributed to the diverse genetic and
metabolic backgrounds in various models, it remains a challenge
to reconcile the seemingly contradictory findings even in the same
cell types and to fill the gap in the literature concerning the precise
molecular determinants that define the prevalence or relative
influence of individual signaling pathways under particular
physiological contexts.
4.3. Biochemical pathway leading to lipoapoptosis in
S. pombe—intracellular surge in DAG, post-mitotic arrest,
mitochondria and ROS
To further discriminate between dying as a process and death
as an endpoint, we determined the percentages of dead cells and
metabolic rates of DKO cells at various growth phases by
measuring vital dye uptake and oxygen consumption, respec-
tively. Phloxin B and propidium iodide are actively excluded
from living cells with intact plasma membrane and metabolic
activities but accumulate in dead cells [12,112]. We discovered
that at the early stationary phase when the viability (colony-
forming ability) of DKO cells is almost totally lost (~5%), the
majority of the population (~90%) is not stained with dyes
(Low et al., submitted manuscript). The percentage of stained(dead) cells of DKO rises gradually over time after virtually all
cells have lost viability at stationary phase. In other words, data
from colony-forming assays which reflect the proportions of
cells that retain reproductive potential (viable), are under-
representations of the metabolically active proportions. More-
over at the early stationary phase, these non-viable DKO cells
also display active, though slightly diminished mitochondrial
respiration (compared to wild-type cells). These results evince
that the cells which have lost the ability to regrow on fresh solid
medium are irreversibly committed to cell death and subse-
quently pass through a dying process until they ultimately cease
all functional activities. This form of cell death is therefore not
characteristic of necrosis or spontaneous lysis since permeabi-
lization of the plasma membrane occurs much later than the loss
of viability and osmotic stabilization by sorbitol does not
modify the viability or morphological changes [113].
In addition, one of the terminal cell death phenotypes of
DKO is massive septum formation, suggesting a post-mitotic
cell cycle arrest (Low et al., submitted manuscript) [83]. Wild-
type fission yeast cells at stationary phase are significantly
shorter and more rounded compared to those at log phase,
which are normally elongated. Most DKO cells at stationary
phase, however, are double-nucleated (fragmented) and sep-
tated, denoting that a critical cellular impairment is specifically
elicited at a point after mitosis. Using a cell-conditioned
medium which is previously shown to induce log phase cells to
enter stationary phase in an acute manner presumably by
mimicking the extracellular medium condition at stationary
phase, we demonstrate that when DKO cells enter the stationary
phase, a post-mitotic arrest precedes cell death commitment and
chromatin condensation, which in turn precede nuclear
envelope fragmentation and eventually death.
The mitochondrion has been shown to be an indispensable
organelle in the apoptosis of both budding yeast and mammals
[17–19]. In budding yeast, the induction of apoptosis is
connected to mitochondrial features such as the release of
pro-apoptotic factors Aif1p, Nuc1p and cytochrome c, perme-
ability transition, mitochondrial thread–grain transition or
mitochondrial fragmentation, and dynamic changes in energetic
status and shift in redox balance [17–19]. The interplay between
mitochondria and cell death is complicated because depending
on the context, nullifying mitochondrial functions can be either
detrimental or beneficial to the cell (reviewed in [18]).
In mating pheromone α-factor- and amiodarone-induced
PCD of S. cerevisiae, a schedule of mitochondrial events has
been elegantly delineated: an initial rise in cytosolic calcium
activates mitochondrial respiratory enzymes and boosts mito-
chondrial respiration. This leads to increased energy coupling
and increase of the mitochondrial membrane potential (ΔΨM)
above the basal state or hyperpolarization. Hyperpolarization
then promotes ROS generation, mitochondrial thread–grain
transition and ultimately depolarization or de-energization
[114]. We also observed a similar timeline of mitochondrial
events in the lipoapoptosis of DKO upon entry into stationary
phase in rich medium (Low et al., submitted manuscript). At
post-log phase, we observed a transient hyperpolarization which
is immediately succeeded by a depolarization that coincides
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massive accumulation of ROS at early stationary phase. The
de-energization is shortly followed by a gradual decrease in
ROS levels at stationary phase. Increased ROS formation is
reported in most if not all cases of fungal PCD [9], but in some
cases it is not obligatory for cell death [115, 116]. Lipoapoptosis
of DKO can be ameliorated by free radical spin trap or hypoxic
growth condition, showing an active death-promoting role of
ROS ([10]; our unpublished results).
Furthermore, respiring mitochondria are required for the
induction and progression of lipoapoptosis in S. pombe (Low
et al., submitted manuscript). We noted that in the cell-
conditioned medium mentioned above, addition of inhibitors of
electron transport complex IVor cytochrome c oxidase cyanide
and azide, completely annuls the loss of viability, pyknotic
nuclear changes, and ROS formation. Uncoupler of mitochon-
drial potential FCCP does not improve the viability but retards
the acquisition of apoptotic nuclear morphology. Interestingly,
at the concentrations tested, these inhibitors are deleterious to
log phase DKO cells. These results hence suggest the vital and
fatal functions of mitochondria in S. pombe under varied
physiological conditions.
Most importantly, bymetabolic radiolabeling and global lipid
profiling using a versatile analytical method high performance
liquid chromatography-mass spectrometry (HPLC-MS) we
pinpoint that an acute, dramatic surge of intracellular DAG is
causally linked to the lipoapoptotic cell death at stationary phase
and in the conditioned medium ([10]; Low et al., submitted
manuscript). Incubation with exogenous DAG can perfectly
reproduce the terminal cell death phenotypes at stationary phase-
post-mitotic arrest, pyknosis, karyorhexis and ROS generation
in log phase DKO cells ([10]; our unpublished results). The
dramatic surge in DAG may be a result of an adaptive lipid
remodeling upon entry into stationary phase [117]. At the
stationary phase, the system is steered from phospholipid
synthesis towards neutral lipid synthesis since phospholipids
are scarcely needed to manufacture membranes for organelle
biogenesis and cell division. In the absence of TAG synthesis,
unsequestered DAG can turn into a potent apoptosis-promoter
(Fig. 1). Consistent with an active role of mitochondria, cyanide
also effectively abrogates apoptosis triggered by exogenous
DAG (Low et al., submitted manuscript).
4.4. Multiple lipotoxic cell death pathways in fission yeast
DKO provides a convenient model system to study the roles
of lipids in cell death. First, due to an inherent obstruction in
TAG synthesis, DKO cells display poor intracellular lipid
buffering capacity as seen by enhanced sensitivity to a range of
exogenous lipids including fatty acids, DAG, and sphingolipids,
hence can be likened to a replica of non-adipose tissues in
mammals [15]. Second, DKO cells manifest dissimilar
morphologies under various lipid stimuli and growth condi-
tions, thus implying the existence of multiple lipotoxic cell
death pathways ([10]; Low et al., submitted manuscript). Entry
into stationary phase in rich medium, exogenous DAG and fatty
acids induce cell death with pyknosis and karyorhexis.However, cell death in minimal medium or in the presence of
exogenous ceramide is not accompanied by apoptotic nuclear
morphology (Fig. 1; Table 1).
Palmitic and oleic acids elicit identical cell death phenotypes in
DKO cells as DAG via a similar if not identical downstream
pathway [10]. In DKO, exogenous fatty acids are efficiently
routed to the synthesis of DAG. Conversion of DAG to
phosphatidic acid by DAG kinase over-expression, but not a
pharmacological blockade of ceramide synthesis by fumonisinB1
and myriocin effectively abolishes fatty acid-induced apoptosis
[10]. Hence concerning the mechanism to deal with excess fatty
acids, DKO cells probably more resemble bovine aortic smooth
muscles [105–107]. It should be noted that the spontaneous onset
of apoptosis in DKO cells takes place exclusively in richmedium.
In minimal medium, the onset of lipotoxic cell death in DKO is
significantly delayed, not associated with post-mitotic arrest and
apparently carried out by a non-apoptotic mechanism (Low et al.,
submitted manuscript) (Table 1). In addition, different from DAG
and fatty acids, ceramide and other sphingolipids tested such
as dihydrosphingosine and phytosphingosine kill DKO cells
efficiently but without early detectable nuclear effects ([10]; Low
et al., submitted manuscript). Ceramide-mediated cell death is
also dependent on respiring mitochondria since inhibition of
respiration by cyanide significantly blocks the cell death (Low
et al., submitted manuscript) (Table 1).
From a teleological perspective, the diversification of cell
death programmes allows for a tighter control of cell death and an
execution solely under strictly necessary circumstances. The
plasticity of the modes of cell death under varying conditions and
stimuli is also observed in S. cerevisiae. For example, in response
to different concentrations of α-factor, budding yeast cells switch
on cell death modes that differ from each other with respect to
kinetics and upstream signaling components [118]. Aif1p- and
Yca1p-mediated apoptotic pathways demonstrate genetic inter-
actions, implying cooperative actions or redundancy [21].Nuc1p-
mediated apoptotic pathway represent another pathway indepen-
dent of Aif1p and Yca1p and only prevails under conditions in
which mitochondrial activities are potentiated [22].
4.5. Elucidation of lipotoxic pathways in S. pombe—genetic
criteria and signaling components
To determine the genetic criteria of the various forms of
lipotoxic cell death, we created single deletion mutants of a
number of putative cell death genes from the DKO background
and examined their viability under various growth conditions
and lipid treatments. We hypothesize that similar to lipoapop-
tosis in mammals, lipotoxic cell death pathways in S. pombe
can be conceptually and perhaps also temporally divided into
the three stages: initiation, execution and destruction [15]. At
the initiation stage, signaling lipid molecules bind to their
molecular targets with conserved lipid-binding motifs and
coordinately activate a downstream generic set of cell death
machineries, culminating in the destruction stage during which
cellular structures are systematically dismantled.
In fission yeast, there are three proteins with a DAG-binding
domain Conserved 1 (C1), namely PKC homologues Pck1 and
Fig. 1. Schematic diagram of the lipotoxic cell death pathways in fission yeast. FFA—free fatty acids; PL—phospholipids. Solid and block arrows denote identified
biochemical and genetic pathways, respectively, while dotted arrows denote potential interactions. Events marked with asterisk are those found exclusively in minimal
medium, whereas events from post-mitotic arrest leading to rapid apoptotic cell death take place primarily in rich medium. When TAG synthesis is blocked, high
concentrations of exogenous free fatty acids or lipid remodeling upon entry into stationary phase cause dramatic surge of intracellular DAG levels, leading to
downstream cell death events.
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identified in PKC isozymes and later in other DAG receptors such
as Munc13, C1 is a cysteine-rich domain that mediates DAG- or
phorbol ester-induced apoptosis [88,119]. Pck1 and Pck2 also
possess another conserved domain C2 [120], which has beenTable 1
Evidence table summarizing different forms of lipotoxic cell death in fission yeast (
Lipotoxic cell death Apoptotic nuclear
morphology
Post-mitotic
arrest
Stationary phase in rich medium/fatty
acid- or DAG-induced
Yes Yes
Stationary phase in minimal medium No No
Ceramide-induced No Yes
N.D.—not determined.reported to participate in ceramide-mediated responses together
with C1 under some circumstances [121–125]. The known
physiological functions of Pck1 and Pck2 to-date are assigned to
cell wall maintenance and morphogenesis [126–128]. Bzz1 is a
C1-containing, non-kinase protein whose homologue in S.adapted from Low et al., submitted manuscript)
Mitochondrial
dependence
ROS
generation
Genetic components
Yes Yes N.D.
N.D. Yes pck1+, bzz1+, pca1+, sprad9+
Yes Yes N.D.
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endocytosis [129,130]. For the execution stage, other than pca1+
and sprad9+ mentioned in Section 3, we also examined
autophagy gene apg6+ (systematic name SPAC20G8.10c) [131]
and an AIF homologue aif1+ (SPAC29A4.01C).
Of all candidate genes, single deletions of pck1+, bzz1+,
pca1+, and sprad9+ significantly delay the lipotoxic cell death
in minimal medium (Low et al., submitted manuscript) (Fig. 1).
The genetic criteria of fatty acid/DAG- and ceramide-induced
cell death remain unknown since under these conditions, all the
respective triple deletion mutants do not exhibit noticeable
differences from DKO (Table 1). Besides the limitation of this
hypothesis-driven approach, another plausible explanation for
the lack of phenotype under these conditions could be a
redundancy of the candidate genes. Nonetheless, our studies
unveil a genetically controlled lipotoxic cell death pathway in S.
pombe and ascribe novel cell death roles to C1-containing
proteins Pck1 and Bzz1, metacaspase Pca1 and BH3-only
protein SpRad9 (Fig. 1).
Of the two PKC homologues in S. pombe, only Pck1 is
involved in the lipotoxic cell death (Low et al., submitted
manuscript). Pck1 and Pck2 display 43% identity to each other,
which is lower than the identity to other fungal PKCs,
suggesting differences in their in vivo functions [132]. This is
corroborated by observations that although the two kinases have
overlapping essential functions in cellular morphogenesis,
Δpck2 manifests more pronounced defects and aberrant
morphology and that they are subject to different regulatory
mechanisms by upstream small GTP-binding proteins Rho
GTPases [120,133–135]. On the other hand, all the known roles
of the unique PKC homologue in S. cerevisiae Pck1p are pro-
survival. Pck1p is a cardinal signaling component in the
starvation-adaptive response which phosphorylates mitogen-
activated protein kinase (MAPK) kinase kinase Bck1p and is
required for the acquisition of reinforced and remodeled cell
wall structures characteristic of cells at stationary phase
(reviewed in [136,137]). A recent report implicates Pck1p in
the protection against isoprenoid farnesol in S. cerevisiae [138].
In the presence of farnesol, Pck1p translocates into mitochon-
dria where it may phosphorylate its substrates to launch
protective measures against ROS generated by the electron
transport chain [138]. More studies are needed to elucidate how
the essential and pro-death functions of Pck1 in S. pombe are
kept in check.
Lastly, the disparity between cell death modes in rich and
minimal media may be attributed to the fundamental differences
in lipid profiles and stress signaling. In yeasts, physiological
responses required for stationary phase entry are governed by
several separate, cross-talked pathways mediated by cAMP-
dependent protein kinase (or protein kinase A PKA), target-of-
rapamycin (TOR), MAPK, and AMP-activated protein kinase
(AMPK) Snf1p (reviewed in [136]). Medium-specific pheno-
types at stationary phase have also been reported in the fission
yeast mutant of atf1, the gene encoding an essential transcrip-
tion factor downstream of MAPK Sty1, possibly due to
dissimilar cAMP signaling patterns in rich and minimal media
[139]. This also underscores that interplay between signalingcomponents may constitute a decisive step at the initiation stage
of the lipotoxic cell death. In relation to this, our preliminary
results reveal that DKO cells are much more sensitive to
rapamycin and display higher basal phosphorylation of Sty1
(our unpublished results).
In summary, our work establishes S. pombe as a model for
lipid-induced cell death studies. We provide the first evidence
for the existence of multiple lipotoxic cell death pathways in
fission yeast that are distinct with respect to morphological
manifestations, genetic criteria and molecular mechanisms
(Table 1; Fig. 1). We also pinpoint the conserved roles of
mitochondria and ROS in the lipoapoptosis and the context-
dependent involvement of metacaspase Pca1, Rad9, in the
lipotoxic cell death. These preliminary findings open up several
avenues of investigation. For example, it would be informative
to investigate how DAG leads to post-mitotic arrest and the
downstream cell death events. Comparing lipid and signaling
profiles under different conditions may also help to understand
how the perturbed metabolic states dynamically interact with
cellular signal transduction modules. Continued work will
undoubtedly render invaluable insights into the regulation of
lipid metabolism and cell death.
5. Replication stress and inappropriate mitosis
Mitosis is strictly coupled to the completion of DNA repli-
cation and repair, mainly by the actions of checkpoints and
regulation of cyclin-dependent kinase (CDK) activity. The close
link between these regulated cell cycle events and apoptosis can
be exemplified by the similitude of apoptosis and mitotic
catastrophe [3,4,14]. The latter can be viewed as a special subset
of apoptosis that occurs during mitosis as a consequence of
DNA damage or incomplete replication followed by premature
entry into mitosis, presumably serving to prevent the dissem-
ination of faulty genome to daughter cells [3,4,14]. In mam-
malian cells, apoptosis is often associated with the degradation
of replication initiation proteins, inactivation of checkpoint
proteins and unscheduled activation of CDKs [43,140].
The initiation of DNA replication takes place by orchestrated
assembly of protein complexes at the origins of replication, the
failure of which creates a stress condition that summons
replication checkpoints, which in fission yeast are enforced by
Rad proteins and downstream protein kinases, namely Cds1/
Chk2 (essential for intra-S phase DNA damage and replication
checkpoint) and Chk1 (essential for DNA damage and rep-
lication checkpoint) [141,142]. Fission yeast is potentially a
more suitable model to study how replication stress leads to
cell death because unlike budding yeast in which checkpoints
bring about an interruption to mitosis primarily by the inhibi-
tion of spindle elongation (hence chromatid separation), check-
points in fission yeast prevent mitotic entry by the inhibition of
CDK activity, a mechanism also adopted by mammalian cells
[141,142].
Marchetti et al. demonstrated that replication stress and
inappropriate mitosis lead to cell death accompanied by ROS
production in S. pombe [11]. In both budding and fission yeasts,
conditional mutants of genes encoding replication initiation
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permissive temperature [11,43]. In S. pombe, there seem to be
checkpoint-dependent and independent pathways leading to
ROS generation and cell death [11]. In dfp1 N-terminus-deleted
initiation mutants, either of the checkpoint protein kinases Rad3
(ATR homologue essential for damage and replication check-
points) or Cds1/Chk2 is required for ROS generation and cell
death; whereas the pathway in another initiation mutant orp5-
H19 is not affected by the deletion of either checkpoint gene.
On the other hand, in hydroxyurea-induced stalling/retardation
of replication fork, DNA damage and replication checkpoint
pathways dependent on Rad proteins and redundantly con-
trolled by Cds1/Chk2 and Chk1 protect wild-type cells from
ROS production and cell death. Since these checkpoints can
inactivate Cdc2, a fission yeast CDK to block mitotic entry in
the presence of DNA damage/incomplete replication, and
constitutive activation of Cdc2 in the absence of stress results
in identical terminal cell death phenotypes [11], it is deduced
that premature entry into mitosis in checkpoint-deficient
mutants may be the ultimate cause of hydroxyurea-stimulated
cell death and ROS generation.
In S. cerevisiae, defects in initiation of replication lead to
Yca1p-mediated PCD [43]. In a similar way, studies can be
carried out to investigate how the upstream signaling compo-
nents interact with the putative core cell death machineries in
fission yeast such as mitochondria and the candidate endogen-
ous molecules discussed in Section 3.
6. Chronological and replicative aging
Chronological aging of a microbial population is the loss of
viability over a time span as cells enter the stationary phase, which
by definition is a dormant state of minimal proliferative and
metabolic activities [136,143]. As yeast cells assume stationary
phase states in response to dynamic interactions of several factors
including dwindling nutrients, increased cell density and secon-
dary metabolites, they mount adaptive measures by a global
change in expression profiles to switch the mode of metabolism
from fermentation to respiration and to confer resistance to a
variety of stresses in addition to starvation, a phenomenon called
cross-resistance or cross-protection [136,144,145]. There also
exist molecular links between chronological aging and replicative
aging, the loss of mitotic capacity after individual cells undergo a
finite number of mitotic cycles [146]. Therefore, chronological
aging is likely to be a complex process encompassing stress
adaptation and quorum control.
Abundant evidence has shown that chronological aging in
S. cerevisiae is an issue of the activation of genetic programmes
rather than a mere result of energy deprivation. Yeast cells
remain viable in water (i.e. the absolute absence of nutrients) for
an extended period of time but begin to lose viability pro-
gressively even when their intracellular glycogen content is still
high and before the complete exhaustion of nutrients in glucose-
containing media (reviewed in [147]). Indeed, a conserved
pathway influencing longevity that is controlled by serine/
threonine kinase Sch9p/Akt/PKB and antioxidant enzymes
superoxide dismutase (SOD) and catalase has been identifiedacross phylogenetically distant species ranging from budding
yeast, C. elegans, Drosophila and mice, and possibly in
humans [148–150]. It is exciting that this aging pathway also
operates in S. pombe [12].
The chronological aging in fission yeast is accompanied by
ROS production and increase in caspase-like activity as measured
by fluorochrome-labeled pan-caspase inhibitor FITC-VAD-fmk
[12]. Similar to the situation in budding yeast, two parallel,
partially redundant pathways mediated by Pka1 (cAMP-depen-
dent protein kinase) and Sck2 (homologue of Sch9p in
S. cerevisiae) govern chronological aging in S. pombe. Respective
single disruptionmutantsΔpka1 andΔsck2 display a significantly
longer lifespan that correlates with less ROS generation and
caspase-like activity. Simultaneous deletion of both genes
produces additive effect on prolonging the lifespan, showing
that the two genes operate in separate pathways. This deduction is
in agreement with the fact that Sch9 and Pka1 functions in
separate pathways and SCH9 was identified as a multicopy
suppressor of the growth defects caused by defective Pka1p-
mediated glucose signaling in budding yeast [151]. There are two
homologues of Akt/PKB in S. pombe namely Sck1 and Sck2, but
apparently only Sck2 is required for chronological aging process
[12].
In budding yeast, the mitochondrial SOD Sod2p functions
downstream of Sch9p and its down-regulation promotes an
altruistic aging programme (reviewed in [152,153]). This
underscores the fundamental role of oxidative stress in the
aging process. In S. pombe, deficiencies in glutathione and Cu/
Zn SOD also accelerate the chronological aging process [13].
Furthermore, Pka1 and Sck2may negatively regulate antioxidant
defense since the lifespan of the long-lived S. pombe mutants
Δpka1 and Δsck2 correlates with increased resistance against
menadione (superoxide-generating) and hydrogen peroxide [12].
It is noteworthy that adaptive regrowth is also observed in
prolonged cultures of S. pombe cells ([12]; our unpublished
observation), showing that delicate population dynamics may be
taking place during stationary phase in which is a continual
selective pressure for better-adapted mutants [152].
In the chronological aging of S. pombe, the loss of viability
as assessed by clonogenic capacity precedes the loss of
metabolic activity as determined by Phloxin B staining [12].
Apart from being rationalized as an irrevocable death decision
being launched before the functional death, this phenomenon
can also be viewed as the loss of replicative activity taking place
before the functional death during the process of chronological
aging. This indicates that common pathways may underlie
chronological and replicative aging in S. pombe. Replicative
aging in S. pombe was reported but little is known about the
pathway(s) leading to it. Differing from budding yeast, fission
yeast undergoes central fission and was once thought to display
strictly no asymmetric division based on the seemingly irregular
pattern of fission scar segregation to daughter cells [154]. The
first evidence of asymmetric division in S. pombe is founded on
subtle visual differences in replicatively senescent cells [155].
By micromanipulation of individual cells, it was observed that a
rounded cell with increased diameter and decreased length is
generated in approximately every four mitotic divisions. This
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divisions, while its morphology alters progressively to a final
appearance of rigid, rugged surface or lysis. The mean lifespan
determined for the particular laboratory strain is nine, which is
significantly less than the twenty or more in budding yeast
[156]. A biochemical marker for senescence in S. pombe, like
rDNA circles in S. cerevisiae [157], has not been identified.
Sir2 is a NAD+-dependent histone deacetylase that regulates
lifespan in budding yeast, C. elegans and Drosophila (reviewed
in [158]). In budding yeast, an increase in SIR2 dosage
increases the replicative potential. However, its deletion
paradoxically further enhances lifespan extension associated
with disruption of Sch9p and PKA pathways, suggesting
an active role in promoting aging [158]. Similar to the case in
S. cerevisiae, deletion of sir2+ in S. pombe alone does not
produce significant effect on lifespan [13]. Nevertheless its
deletion shortens the lifespan in mutant background lacking
glutathione and Cu/Zn SOD Δgsh1Δsod1 without affecting the
cellular accumulation of oxidized proteins [13]. This observa-
tion points to the role of Sir2 as a longevity factor that acts
independently of the redox machinery of the cell. Again, it
would be significant to elucidate how the core death apparatus
works in the aging processes.
7. Conclusion
Yeasts have proven to be invaluable in understanding the
molecular mechanisms underlying most cellular processes. The
study of PCD in fission yeast is only at its infancy. Yet the
identification of caspase dependent and independent lipotoxic
cell death pathways has provided insights into lipid-mediated
signaling and PCD. Future investigations are needed to identify
the core machineries for each form of PCD in fission yeast and
to isolate regulatory factors that act upon these core machineries
to activate or inhibit cell death. It would then be possible to
compare and contrast cell death pathways between budding and
fission yeasts and those of higher eukaryotic systems.
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